Background
Studies of a large number of Drosophila Notch (Notch) mutants have shown that Notch is involved in cell-fate determination in various lineages, including neuronal precursors, myoblasts and Malpighian tubules [1, 2] . The Notch protein is a cell-surface receptor with several distinct domains. The extracellular domain contains 36 tandem repeats of a 40 amino-acid, cysteine-rich motif homologous to epidermal growth factor (EGF), and three copies of another cysteine-rich region motif called the LNR motif. The intracellular domain of Notch contains six copies of the 33-residue CDC10/ankyrin-like repeat. The general structure of the Notch receptor, including these three motifs, is highly conserved through evolution.
A series of mutations of residues in the EGF-like repeat region of Notch have been shown to affect binding of the Notch receptor to the ligand encoded by the Delta gene. The precise physiological role of the LNR motif is not clear. Although CDC10/ankyrin-like repeats are known to be involved in the protein-protein interactions of cytoskeletal proteins and transcription factors [3, 4] , the exact role of the CDC10/ankyrin-like motif of Notch remains to be investigated, as the signal transduction pathway downstream of Notch has not been elucidated.
Drosophila Notch is a member of a family of neurogenic genes, which include Delta, Enhancer of split, master mind, Hairless and Suppressor of Hairless (Su(H)). Genetic crosses have indicated that Su(H) has a close genetic interaction
with Notch [1, 2] . In most Schneider (S2) cells overexpressing both Notch and Su(H), Su(H) was found in the cytoplasm, but when Su(H) was expressed alone, it was nuclear in most cells [5] . Deletion of the CDC10/ ankyrin-like repeats from Notch reduced the frequency with which Su(H) was cytoplasmically localized in cotransfected S2 cells. These studies suggested that Notch and Su(H) interact through the CDC10/ankyrin-like repeats of Notch, although no direct evidence for their physical interaction has been provided.
We have previously isolated a 60 kDa nuclear protein, known as RBP-JK, from a nuclear extract of a mouse pre-B cell line [6] . RBP-JK recognizes the DNA sequence motif CGTGGGAA [7] , and is highly conserved through evolution from Drosophila to humans [8, 9] . Studies of mutant RBP-JK proteins have shown that the two regions immediately upstream and downstream of the integraserelated motif in the middle of the protein are critical for its DNA-binding activity, and that RBP-JK binds to DNA as a monomer [10] . To understand the function of RBP-JK, we and others have isolated its Drosophila Correspondence to: Tasuku Honjo. E-mail address: honjo@mfour.med.kyoto-u.ac.jp homologue, and shown that the Drosophila RBP-JK gene is identical to Su(H) [11, 12] . RBP-JK is involved in the transcriptional regulation of a number of cellular and viral genes: for example, it mediates the repression of the adenovirus pIX gene promoter and of other promoters [13] . RBP-JK is also essential for the transactivation of viral and cellular genes by Epstein-Barr virus nuclear antigen-2 (EBNA-2), which plays a crucial role in human B-cell immortalization by the virus. Unlike most transcription factors, EBNA-2 does not bind directly to its cis-responsive DNA element but binds to RBP-JK, which does bind directly to DNA [14] [15] [16] [17] [18] . Su(H) is also involved in transcriptional regulation in Drosophila [19] .
Three mouse homologues of Notch -mNotch 1, mNotch2 and mNotch3 -have already been cloned [20] [21] [22] . The human Notch I gene (Tan-; [23] ) and the mouse int-3 gene [24] were cloned as oncogenes. These studies indicated that the deregulated expression of the cytoplasmic domain of the truncated Notch protein contributes to the tumorigenic phenotype [23, 24] . Homozygous mutant mNotch 1 (mNotch 1-/-) mice showed growth retardation at around 9.5 days post-coitum (dpc), and died before 11.5 dpc with widespread cell death [25, 26] ; the mice also showed defects both in somite development and in neural tube formation. Intriguingly, these phenotypes are very similar to those found in homozygous mutant RBP-JK (RBP-JK and mNotch 1 -/ -mice suggests that both genes may be involved in the same, conserved developmental pathway.
To explore the molecular mechanisms whereby RBP-JK regulates mouse development, we searched for proteins that interact with RBP-JK using the yeast to-hybrid system. As we report here, in this way we isolated a DNA sequence encoding a short intracellular region of mNotchl, which did not contain the CDC10/ankyrinlike repeat. Further studies indicated that a small region, of about 50 amino-acid residues, immediately downstream of the transmembrane region of mNotch, is responsible for its interaction with RBP-JK.
Results and discussion
RBP-JK and mNotchl interact specifically in the yeast two-hybrid system We used the yeast two-hybrid system to screen for proteins that interact with RBP-JK. The 'bait' plasmid, which was constructed by fusing the DNA sequence encoding RBP-JK to that encoding the DNA-binding protein LexA, was used to screen a cDNA library, prepared from a 9.5-day-old mouse embryo, which directs the synthesis of activator-tagged mouse proteins in yeast [28] . After screening one million transformants by the P-galactosidase colony filter-lift assay, we isolated five plasmids, four of which encoded previously uncharacterized proteins and will be described elsewhere. One of the cDNA clones we isolated turned out to encode a segment of mNotchl, residues 1 751-1 850, just downstream of the transmembrane region, which we have designated mRAM23 (Fig. la) [20] . It should be noted that mRAM23 does not contain any CDC10/ankyrinlike repeats.
We tested whether other truncated mNotchl proteins ( From these results, we postulate that evolutionarily conserved residues within mNotchl [1 751-1 806] participate in its interactions with RBP-JK and Su(H). This assumption is also supported by the fact that the Notchinteracting regions of RBP-JK are almost 100 % conserved between mouse and Drosophila (data not shown).
in the interaction with RBP-JK, in contrast to what has previously been reported for the Drosophila system [5] .
A Notch domain interacting with RBP-JK/Su(H)
To narrow down the region of mNotch that is essential for its interaction with RBP-JK, we made deletion mutants of mRAM23. Constructs containing the aminoterminus of mRAM23 -mNotchl Similar experiments were carried out using Su(H) and Drosophila Notch (designated dNotch) segments homologous to the mRAM23 deletion constructs. Table 1 shows that the Drosophila Notch equivalent of mRAM23, dNotch [1 769-1 880] [29] , and dNotch [1 769-2 109], which contained both the dRAM23 amino-acid A total of twenty amino-acid residues of mNotchl [1 751-1 806] are conserved in Drosophila Notch (Fig. 2 ). Of these, sixteen residues are also strongly conserved among vertebrates, occurring in more than five out of eight sequenced Notch proteins [20, 22, 23, [30] [31] [32] [33] . We generated five mutant versions of mNotchl [1 751-1 806] , in which all the conserved residues except D 180 5 (single-letter amino-acid code) were replaced in five separate blocks containing two to four mutated conserved residues (Fig. 2) . The five mutant proteins (mM2-1 to mM2-5) were tested for their ability to interact with RBP-JK using the yeast two-hybrid assay. Replacement mutations in the amino-acid sequence R1 7 52 -HG1 7 5 5 (mM2-1) or W1 7 58 Fp 7 6 0 (mM2-2) markedly decreased the ability of mNotchl [1 751-1 806] to interact with RBP-JK, whereas the other three mutants (mM2-3, mM2-4 and mM2-5), which had substitutions of the nine carboxy-terminal conserved residues, all associated with RBP-JK as strongly as wild-type mNotchl [ 
Evidence for a physical interaction between Notch and RBP-JK/Su(H)
Because the yeast two-hybrid assay does not show whether the interaction between two proteins is direct, and is prone to artifacts, we confirmed that RAM23 and RBP-JK do interact directly by two methods. First, fusion proteins, in which glutathione-S-transferase (GST) was linked to wild-type or mutant forms of mRAM23, were [20] [21] [22] [23] [29] [30] [31] [32] [33] are aligned. Strongly conserved amino acids are shadowed. The amino acids that the conserved residues are changed to in each mutant are shown above the aligned sequences. The altered amino acids, shown in bold, followed by the corresponding DNA sequence for each mutant residue, are as follows:
The results of interaction between RBP-JK and the mNotchl replacement mutants are shown above (highlighted in yellow). Construction of the plasmids encoding the GAL4 fusion proteins and the criteria for the assessment of 3-galactosidase activity are as described in Table 1 . The numbers indicate amino-acid positions in the mNotchl and Drosophila Notch sequences.
synthesized in bacteria. In order to remove 5' end sequences from the mRAM23 clone that was originally isolated by the yeast two-hybrid assay, the mRAM23 cDNA and its mutant versions were synthesized by the polymerase chain reaction (PCR) and inserted into a GST-fusion vector. GST-fusion proteins were immobilized on glutathione-Sepharose beads and tested for their ability to bind to 35 S-labeled RBP-JK (Fig. 3a, lanes 1-5) .
In agreement with the results from the yeast two-hybrid assay, RBP-JK was specifically retained on beads coupled to GST-mRAM23, GST (Fig. 3b) . The mM2-2 mutant completely failed to bind to RBP-JK, and mM2-1 interacted only weakly with RBP-JK; mM2-3, however, interacted with RBP-JK as strongly as wild-type mRAM23. The carboxy-terminal region of mRAM23 (mNotchl [1 807-1 850]) was inactive in the binding assay.
We further confirmed that the Drosophila homologues, dRAM23 and Su(H), also interact directly by using GSTfusion proteins ( Fig. 3a; lanes 6-10) . GST-dRAM23 and GST-dNotch [1 769-2 109] interacted strongly with Su(H). However, dNotch [1 896-2 109], which contained the CDC10/ankyrin-like repeats but not the dRAM23 region, did not interact with Su(H) at all, in agreement with the yeast two-hybrid assay.
Finally, we tested whether the intracellular region of mNotchl can interact with RBP-JK in mammalian
cells. An expression plasmid encoding either the entire cytoplasmic region of mNotchl (mNotchl-RAMIC) or its mRAM23-truncated construct (mNotchl-IC), fused to six copies of a Myc-epitope tag (Fig. lb) , was coexpressed in COS 7 cells with RBP-JK tagged with the bacteriophage T7 gene 10 product. Cell extracts were incubated with a monoclonal antibody directed against the T7-or the Myc-epitope tag. The anti-Myc antibody co-immunoprecipitated RBP-JK and the mNotchl-RAMIC protein (Fig. 3c) . Conversely, the anti-T7 antibody co-immunoprecipitated mNotchl-RAMIC and RBP-JK. In contrast, mNotchl-IC did not interact with RBP-JK at all. The results clearly indicate that the CDC10/ankyrin-like repeats of mNotchl are unable to interact with RBP-JK in COS 7 cells. Furthermore, in situ chemical crosslinking was found to augment complex formation between mNotch and RBP-JK in the same cotransfected COS 7 cells (data not shown), indicating that the interaction did take place in the cell. These results, taken together the yeast two-hybrid and GSTfusion protein data, indicate that RBP-JK interacts with the amino-terminal region of mRAM23, but not with the CDC10/ankyrin-like repeat of mNotchl.
Is Drosophila Notch different from mouse Notch?
The CDC10/ankyrin-like repeats of Drosophila Notch were previously reported to interact with Su(H), on the basis of experiments using CDC10-deletion constructs in the yeast two-hybrid assay and in S2 cell transfectants [5] . However, the construct used as a positive control in the yeast assay did not contain the RAM23 region. Deletion of the sequence encoding the CDC10/ankyrin-like repeats from this construct did reduce its interaction with Su(H), but the low level of interaction detected with the positive control could have been a result of non-specific weak interactions between the CDC10/ankyrin-like repeats and yeast proteins. In fact, the CDC10/ankyrinlike repeats alone did not interact with Su(H) in these experiments [5] . The S2 cell cotransfection experiments 1 and 3) or mNotchl -IC (lanes 2 and 4) together with RBP-JK were immunoprecipitated with the anti-Myc monoclonal antibody 9E10 [44] and protein A-Sepharose (lanes 1 and 2) , or by the anti-T7 epitope monoclonal antibody and protein A-Sepharose (lanes 3 and 4) . Bound protein was resolved by SDS-PAGE. The gel was cut horizontally into two. The upper and lower parts of the gel were used to detect mNotch products and RBP-JK, respectively, by western immunoblotting as described in Materials and methods. In the lower part of the gel, the mouse antibodies used in the immunoprecipitation step were detected because of a cross-reaction with the anti-rat IgG antibodies used as second antibody. H, immunoglobulin heavy chain; L, immunoglobulin light chain.
[5] are more convincing, because the Drosophila Notch construct used seems to be almost full-length. However, the construct in which the CDC10/ankyrin-like repeats were deleted (AcdclO) also did not contain a major portion of the RAM23 region, because the upstream end of the deletion is at residue 1 793 of Drosophila Notch (see Fig. 2 ). In summary, the previously reported data [5] do not contradict, but rather agree with, our results and conclusions. We have shown that the RAM23 region alone, but not the ankyrin repeats, of Drosophila Notch can interact with Su(H), by using GST-fusion proteins as well as the yeast two-hybrid assay. We therefore conclude that the RAM23 region is likely to be the major site through which Notch interacts with RBP-JK/Su(H) in Drosophila, as well as in mouse.
After submission of this paper, Jarriault et al. [34] reported the physical interaction between RBP-JK and mNotchl. They concluded that the CDC10/ankyrinlike repeats of mNotch played an important role in the interaction with RBP-JK, because the replacement of two amino-acid residues in the ankyrin repeat 4 appeared to weaken the interaction between RBP-JK and the intracytoplasmic region of mNotch, as determined by gel-retardation analysis. Unfortunately, however, the authors did not measure the amounts of Notch mutant proteins in the cell extracts, although it is well known that mutant proteins are often labile in transfected cells. In fact, their own immunostaining data appear to show that this is the case. We have found that mRAM23 inhibits, in a dominant-negative fashion, the transactivation of the HES-1 promoter by the intracytoplasmic region of mNotch, indicating that the interaction between mRAM23 and RBP-JK is comparable to that between the Notch intracytoplasmic region and RBP-JK (S.M., T.S. and T.H., unpublished observations).
Models for Notch signal transduction
The finding that the receptor Notch and the transcription factor RBP-JK/Su(H) interact directly suggests that Notch signal transduction operates by a novel molecular mechanism. Fortini and Artavanis-Tsakonas [5] have shown that, in S2 cells transiently overexpressing both Drosophila Notch and Su(H), the ligand-dependent capping of Notch reduced the frequency of Su(H) protein expression in the cytoplasm and increased that in the nucleus. These observations led them to propose that Su(H) is associated with Notch in the absence of ligand binding, and is released from the receptor upon ligand binding to migrate to the nucleus. This model implies that Su(H) serves not only as a transcription factor but also as a signal transducer (Fig. 4a) .
A complicating factor, however, is that RBP-JK is found almost exclusively in the nuclei of differentiated as well as undifferentiated mammalian cells expressing Notch, although a small fraction of RBP-JK may be present in the cytoplasm [35, 36] . Our experiments, in which RBP-JK and full-length mNotch were coexpressed in COS 7 cells, showed that RBP-JK was not located in the cytoplasm (unpublished data). In addition, there are a number of reports indicating that the intracytoplasmic region of Notch is localized in the nuclei of Drosophila and mammalian cells ( [37] ; reviewed in [1, 38] ). Taken together, these results lead to another model (Fig. 4b) , which suggests that ligand binding to Notch induces proteolytic cleavage of the receptor at a membrane-proximal site on the intracytoplasmic region. This cleavage results in the release of almost the entire intracytoplasmic region, which then moves to the nucleus to interact with RBP-JK/Su(H), and possibly other proteins; the Notch cytoplasmic region has, in fact, been shown to contain nuclear localization signals [39] . Although the observation that Su(H) is predominantly cytoplasmic in cells coexpressing Su(H) and dNotch [5] appears to contradict this model, actually Su(H) was also predominantly cytoplasmic in as many as 21 % of cells expressing Su(H) in the absence of Notch [5] . These observations suggest that the intracellular distribution of Su(H) may be influenced by several unknown factors, such as the amount of Su(H) produced by transfection, and it is therefore difficult to draw definitive conclusions from these data. In mammalian cells, RBP-JK is not predominantly expressed in the cytoplasm [36] .
A third possibility is a combination of the two mechanisms described above (Fig. 4c) . Namely, RBP-JK/Su(H) associates with Notch at the cell surface, and ligand binding induces the proteolytic cleavage of Notch, resulting in the migration of a complex composed of the Notch intracytoplasmic region and RBP-JK/Su(H) to the nucleus. At this stage, none of the available evidence definitively rules out any of the three models described above. Finally, it is formally possible that mouse and Drosophila use slightly different strategies for Notch signal transduction, although this seems unlikely. In any case, the fact that Notch and RBP-JK/Su(H) interact directly implies that Notch signal transduction involves a novel molecular mechanism.
Conclusions
The results we have reported in this paper show that a novel domain, RAM23, of the cell-surface receptor Notch physically interacts with the RBP-JK/Su(H) transcription factor. The direct interaction between RBP-JK/Su(H) and Notch implies that Notch signal transduction employs a novel molecular mechanism.
Materials and methods

Plasmid construction
Molecular manipulations were conducted essentially according to standard protocols [40] . Constructs were usually generated by inserting fragments prepared by restriction enzyme digestion or PCR amplification into appropriate vectors and sites. To construct GAL4(ad)-mNotchl [1 751-1 806] replacement mutants, two-step PCR mutagenesis [41] was carried out. The sequences of the PCR products were verified by dideoxy sequencing. Plasmids encoding the sequence of GST fused to the sequences encoding mRAM23, dRAM23, dNotch and their derivatives were constructed by direct cloning of PCR amplified fragments into the pGEX-4T-1 or pGEX-4T-3 vector (Pharmacia). Plasmids encoding mNotchl and RBP-JK fused to GST were generated by recloning cDNAs obtained from Gridley [20] and Matsunami [6] , respectively. The plasmid encoding mNotchl-IC was obtained from R. Kopan [42] and contains six Myc-epitope tags at the amino-terminus of mNotchl [1 810-2 531]. The plasmid encoding mNotchl-RAMIC was generated by inserting a PCR-amplified RAM region (residues 1 747-1 809) between the Myc-epitope tag and the mNotchl sequences of mNotchl-IC. Oligonucleotides encoding the bacteriophage T7 gene 10 epitope (Novagen) were synthesized and appended to the sequence encoding the carboxy-terminus of RBP-JK. DNA encoding the mNotchl constructs (IC and RAMIC) and T7-tagged RBP-JK were recloned into the expression vectors pEF-BOS [43] and pMKITNeo (a gift from K. Maruyama), respectively.
Yeast two-hybrid screening and interaction assays
For the yeast two-hybrid screening, the mouse RBP-JK cDNA (encoding amino-acid residues 1-526) [6] was inserted into the pBTM116 vector as a fusion with the sequence encoding LexA. The resultant plasmid, pLRBP, was cotransformed with the 9.5-day-old mouse embryo cDNA library in the pVP16 vector into the L40 strain and 106 transformants were analyzed as described [28] . Library plasmids were rescued in Escherichia coli strain HB101 and were classified according to insert lengths. Individual interprotein interactions were tested using strains similar to those described above. Yeast manipulations and 3-galactosidase assays were carried out on individual transformations according to standard procedures [40] . Levels of GAL4(bd) fusion protein expression in yeast were monitored by western immunoblotting, using an anti-GAL4(bd) antibody (Upstate Biotechnology Incorporated), especially in cases where a protein-protein interaction was not detected.
In vitro interactions of GST-fusion proteins E. coli DH5ot was transformed with either pGEX4T-1 or an appropriate expression plasmid, and GST-fusion proteins were extracted as described by the manufacturer (Pharmacia). The supernatant of extracts was mixed with 50 I1 glutathione-Sepharose 4B beads (Pharmacia), and washed with 1 ml of phosphate buffer containing 1% Triton X-100, followed by 1 ml RIPA buffer; beads were stored as a 50:50 slurry with RIPA.
3 5S-labeled RBP-JK or Su(H) was synthesized in vitro from pBluescript II vectors containing the RBP-JK or Su(H) sequences, using the TNT-coupled rabbit reticulocyte lysate system (Promega). 3 5 S-labeled RBP-JK or Su(H) was bound to the preincubated immobilized GST proteins. Fusion proteins were used after washing six times in RIPA buffer. The amounts of GST-fusion proteins were monitored by SDS-PAGE of the Sepharose-GST-fusion complex and equimolar amounts were used for each set of experiments; bound protein was released by boiling in gel sample buffer.
Immunoprecipitation experiments COS 7 cells (7.5 x 105) were cotransfected with expression vectors encoding T7-epitope-tagged RBP-JK and either mNotchl-IC or mNotchl-RAMIC by lipofection. After 24 h, transfected cells were harvested and lysed in lysis buffer (50 mM Tris-HCI (pH 8.0), 0.5 % NP40, 150 mM NaCl, 1 mM EDTA, 0.4 mM PMSF, 10 .g m1-1 aprotinin and 1 mM DTT). The suspension was rotated at 4 °C for 1 h, and insoluble material was removed by centrifugation. The supernatant was mixed with either a mouse monoclonal antibody directed against the T7-epitope tag (Novagen) or the mouse monoclonal antibody, 9E10, specific for human c-Myc [44] , rotated at 4 C for h, and then mixed with 20 lIl of a 50 % suspension of protein A-Sepharose. After incubation for 1 h, the beads were washed eight times with lysis buffer. Bound proteins were released by boiling in a gel sample buffer and analyzed by SDS-PAGE. The gel was cut into two and analyzed by western immunoblotting to monitor Notch protein expression, using 9E10 and anti-mouse IgG antibodies (upper part), and to monitor RBP-JK, using T6709/T6719 anti-RBP-JK monoclonal antibodies [36] and anti-rat gG antibodies (lower part).
